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ABSTRACT
of

FILM AND TRANSPIRATION COOLING
of

NOZZLE THROATS

Analytical studies were made of liquid film cooling, gas film
cooling, and liguid or gas transpiration cooling of hypersonic nozzles.
Experimental studies of gas film cooling were performed on & small
nozzle using air as both the meinstream and coolant geses. Based on
the experimental results obtained and the development of satisfactory
calculational techniques to implement the analyses given in the
present study, the follcwing conclusions were drawn:

1. Gas film cooling can be used to measurably lower the wall
temperatures and the wall heat fluxes in the converging section and
at the throat of a high-pressure high-temperature nozzle. Some gross
mixing ocecurs at the injection point, the exact amount being some as
yet undetermined function of the injection geometry, the relative
velocities of the mein gas stream and the coolant stresm at the in-
Jection peoint, and the entering velocity profiles and turbulence
conditions.

2. A straightforward boundary layer type analysis was
developed and programmed which predicts with reasonable accuracy the
nozzle well temperatures and wall heat fluxes in the converging
section and at the throat for gas film cooled nozzles.

3. Calculational techniques have been developed and programmed
for predicting the effectiveness of liquid film cooling and ligquid or
gas transpiration cooling in nozzles. These techniques should be

checked against experimentel data before they are used for design

purposes, however,
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CHAPTER |
INTRODUCTION

I. GENERAL DISCUSSION

Recent technological developments have caused an increased interest
in analytical and experimental studies of film and transpiration cooling.
Military rocket and space research has brought about extensive investi-
gations into the problems of rocket nozzle design. In particular,
greater specific thrust can be achieved by using higher combustion chamber
pressures and temperatures, however this requires better nozzle throat
cooling in order to reduce corrosion, oxidation, and thermal stresses.
Another problem involves the surfaces of re-entry vehicles which must be
protected from the extremely high heat loads encountered. Experimental
gtudies utilizing wind tunnels which simulate re-entry conditions provide
the most direct approach to this problem. Wind tuncnel systems designed
to provide these test conditions must use air at extremely high stagnation
pressures and temperatures resulting in extremely high heat loads at the
nozzle throat which must be protected by proper heat transfer design.

Examination of ordinary backside cooling of the nozzle throat

shows that it may become inadequate for two principal reasons:
(1) Exceedingly high static pressure of the coolant may be required to
prevent boiling (for conventional liquid coolants) with the subsequent
danger of burmout, (2) backside cooling camnnot reduce the heat load to
the nozzle surface so it cannot alleviate the problem of thermal

stresses,
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It has been proposed, therefore, that rocket combustion chambers
and nozzles, re-entry vehicles, high-pressure high-temperature wind
tunnel nozzles and other devices with the sams problems be protected
by fi;m or transpiration cooling or a combingtion of one of these with
backside cooling, Film cooling refers to the injection of a liquid or
gas into a systam in such a manner that it forms a relatively thin pro-
tective layer over the surface to be cooled, The liquid or gas is
injected at one or more discrete locations on the surface through holes
or slots. Transpiration cooling refers to the injection of a liquid o
gee through a porous surfece to cool {t. Gas £ilm cooling by injection
through holes approaches transpiration cooling as the size of the holas
decreeses and the number incrsases, however, in actual practice the two
are usually well distinguished., Figure 1 shows the two systems
disgrammatically.

. It 43 instructiva to consider the desirable properties for film
and transpiration coolants. In order to maintain a low surface
temperaturs with l{quids they should have a low saturation tamperature
at the static pressure in the chamber. Theay should also have s high
heat of veporication and a high specific heat cepacity in the vapor
state. This reduces the amount of coolant requirsd. The primary re-
quirement for a gasesous coolant, from a thermal standpoint, is that it
have a high heat capscity. This 1ﬁdicatcl that ’{ght gases, such as heli-
um and hydrogen should make good coolant- fr: 28 film and transpiration
cooling. Thers are other requirements to be considered, however. Tha

iatroduction of the cooianc into the system must not produce sffescts
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which destroy the usefulness of the system, This would not severely
limit the cholce of coolants for a rocket nozzle or a re-entry vehicle,
but 1t must be carefully considered for a wind tunnel. If possible
wind tunnels should test vehicles in the atmosphere in which they are
to operate., The main gas stream thus will normally be air. Nitrogen
might be used in some cases. If the cooling process requires in-
jection of an amount which is & significant fractiom of the main gas
mass flow rate of the wind tunnel the required coolant would thus have
to be either air or nitrogen,

In both film and tranaspiration cooling the protective effect of
the heat absorption by the coolant is augmented by the heat transfer
blocking action of the coolant gas as it moves into the main stream,
This "blowing" action at the wall or coolant film surface reduces the
velocity and temperature gradients at the surface and thus decreases the
heat transfer rate,

Backside cooling may be used with film c¢ooling. This combi-~
nation reduces the nozzle liner temperature and allows the cooling of a
greater nozzle wall area by the same amount of film coolant., It is more
effective for liquid films under the following conditions:

l, The filn saturation temperature is considerably higher

than the backside coolant temperature.
2, There {s a high thermal conductance between the coolant

film and the backside coolant,
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Il. REVIEW OF PREYIOUS STUDIES

Analytical and experimental studiesa of nozzle heat transfer rates
have been made by a number of investigators; howaver, studies of heat
transfer with extremely high heat loads using nozzles instrumented to
give a good profile of the heat transfer rate are not available, 1In the
present study such a nozzle was used.

Analytical and experimental studies of film and transpiratioﬁ
cooling have also been made by many {nvestigators, The Bibliography
contains references to several of these studies, An extensive review of
the literature on film cooling studies up to 1957 s given in Graham and
3ucrow's "Film Cooling, Its Theory and Application," (16}, Librizzi and
Cresci’s "Transpiratiom Cooling of a Turbulent Boundary Layer im an
Axisymetric Nozzle" (24) lists a large amount of work which has been
done on film and transpiration cooling since 1957. A careful exami~
nation of these references, however, disclosed that none of theae
analyses is directly applicable to the present problem.

Since the present solution to these problems is based on adap~-
tation of previous works (except for gas film cooling), a somewhat more
extensive review of these works is in order,

A widely used aquation for rapid calculation of heat transfer
coefficients in nozzle throats without film or transpiration cooling
was developed by Bartz (2). He started from the basic premise, based
on more elaborate boundary layer calculations performed earlier (3)
that for a turbulent boundary layer the dominant variable factor 1is

the mass flow rate, 1i,.e.
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ha (pu)” 199
He then rewrote Eq, (1) in the form
Nu = C(Re)” (Pr)"” ()

which {3 the same form as the widely used Dittus-Boeltar equatiou for
correlation of fully developed turbulent heat transfer in pipe flow,

By regrouping the variables in Bq. (2), assuming uv ™, 0n —%—,.cp and
Pr constant, gnd introducing a factor (D*/rc) to account for curvature

effects at the throat, Bartz was sble to write Eq. (2) in the form
87wl 9
g D A,
u, rc A

(4)

in which

The congtant C in the equation was determined from experimental data
for heat transfer st nozzle throats to be 0.0265 in a nozzle with con-
traction and expansion half angles of 30 and 15 degrees, respectively.
This i{s only slightly higher thamr that usually given for the constant C
when Eq. (3) is applied to fully developed turbulent pipe flow,

namely 0,023, An examination of the velocity profiles for turbulent
flow with negative axial pressure gradients (39) shows that the pressure
gradient has the effect of increasing the wall shear stress, and thus

an incresse in the heat transfer coefficient {s to be expected.
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Emmons (13) developed a simplified analysis for liquid film
cooling of a cylindrical rocket motor combustion chamber with backside
cooling. It was based on the following assumptions:

1, The gas stream pressure and velocity do not vary

appreciably in the axial diraction,

2. The wall temperature does not vary appreclably in the

axial direction,

3, The temperature of the liquid film surface exposed to

the hot gas is at all points equal to the saturation
temparature of the liquid.

4, Temperature gradients in the radial direction through

‘the 1liquid film are small.

5. The liquid film temperature does not vary rapidly in
the axial direction.

6. The heat transfer coefficient between the gas stream
and the liquid film is constant and is based on a
staady state analysis.

7. The amount of liquid i{n the film varies linearly with
the distance in the axial directionmn,

In the case studied by Emmons these were all reasonable as-
sumptions provided the coolant film was injected at the local saturation
temperature, It may be noted immediately, however, that several of
these assumptions are not reasonable for the case of injection of.a
coolant liquid well below saturation temperature into a high presaure,

high temperature nozzle gas stream, In a supersonic nozzle there are
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large axial variations in static pressure, film temperature, heat
transfer coefficient, film thickness, and film shear stress. The
rate of evaporation {s not constant and thus the film mass flow rate
does not vary linearly with axial distance. To accurately predict
the required film cooling for a nozzle using Emmons' approach it

was thus neee;uary to remove the restrictions of the above assump-

tions.

I, PLAN OF THE PRESENT INVESTIGATIONS

Objaectives, The objectives of the present investigation were
to perform analytical and experimental studies of heat transfer rates
and requirad coolant injection rates for a hypersonic nozzle with
gas film cooling and to make analytical studies of heat transfer ru.«s
and required c¢oolant flow rates for a hfperuonic noszle with 1liquid

film and transpiration cooling,

Theoretical Investigations. For liquid film cooling and tran-

spiration cooling the results of previous investigations, particularly
those outlined above, were examined, suitably modified and combined in
a finite difference stepwise calculation through the nozzls. This was
programmed for solution using an IBM 7040 digital computer,

For gas film cocling a mathod of solution was programmed which
consisted of determining the diffusivities of momentum and heat basad
on a two=region universal pipe valocity profile for turbulent flow;

thea performing layerwise momentum and energy balances to determine



AEDC-TR-66-88

the temperature profile and heat transfer rate at the wall. This
program was also run on the IBM 7040 digital computer and the reaulta

correlated with the experimental results,

Experimental Investigations. A temperature instrumemted

nozzle was constructed for the experimental part of this study, It
was instrumented to measurs the outside nozzle wall temperatures at
one-eighth inch intervals along the nozzle. These temperature
readings, along with known flow conditions in the backside cooling
annulus, gave sufficient information to calculate local heat transfer
rates. The nozzle was alao constructed with an afr film injector
which injected a controlled film of coolant air alemg the convergent
section of the nozzle, Using the experimental information, a
comparison could be made to the theoretical heat fluxes and

temparature profiles for various nozzle flow conditions.
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CHAPTER Il
GAS FILM COOLING

I. GENERAL.DISCUSSION

A large number of investigators have workea on solutions
of the equations of centinuity of mass, momentum, and energy. Bird,
Stawart and Lightfoot (7), Bennett and Myers (5), and other authors
include in their bocks many of the available solutions. Other _
solutions are available in the journals concerning fluid flow and
heat transfer, A careful study shows that closed type analytical
solutfions have been accomplished for only a relatively few rather
speclial casea. With the development of high spasd computing equip-
ment numerical methods of solutfon for the more difficult cases
are nov feasible, The present investigator decided to make use of
such capability in the study of film and tramspiration ccolinmg.

For gas film cooling a simplified model was adopted which
disregards diffusion or mixing of the coolant gas with the main-
straeam gaa. Since'Pr n 1 for most gases it was necessary to solve
for the developing velocity and temperature profiles simultaneously.
This was done by making certain assumptions about the viscosity
and thermal conductivity for individual gas layers and then making

layervise momentum and energy balances over each axial increment.

i0
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Libby and Pallone (23) worked out amnd published in 1954
a rather extensive integral method for handling the calculation
of velocity and enthalpy profiles for a2 gas film introduced into
a2 laminar compressible boundary layer. Sixth degree poly-
nomials were used to describe the velocity and enthalpy profiles.
Since the species concentration equation was not used the 1njecéed
fluid was assumed to be the same as the mainstream fluid. The
polynomial coefficients were chosen without particular regard for
the asymptotic (far downstrzzam) results and thus the solution is
not asymptotically correct. The numerical results do indicate
a strong effect of the injected fluid for some distance down-
stream from the point where injection ceases.

Baron (1) worked out and published in 1956 an extension
of the Libby and Pallone method. He included the species
concentration equatiqn for a binary fluid boundary layer and
adjusted the form of the polynomials so as to assure correct
asymptotic solutionsa.

Neither of these solutions 1is applicable to the present
case of nezzle throat cooling with injection into a turbulent

boundary layer.

11
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Emmons (13) and Hatch and Papell (17) used a very crude
flow model for tangential coolant gas injection into turbulent
pipe flow, The coolant gas was assumed to form a layer at
the wall with no diffusion or mixing with the mainstream, A
heat tranafer coefficient h was used to calculate the heat trans~
fer rate to the cooclant layer from the mainstraam and from the
coolant layer to the nozzla wall, The heat transfer coefficient
was calculated from the mainstream conditions as though the
coclant layar were not present, It may be noted immediately
that this model, besides its other deficienciea, is not asymptoti-
cally correct. It predicts a downstream heat tranafer rate
which is only one half the correct rate for the far downstreanm

valua,
1l. GAS FILM THEORETICAL ANALYSIS
The approach taken in the present investigation was to solve
the continuity, momentum, and energy balance equations for the

boundary layer written in finite differance form, for turbulent main-

stream flow with tangential injection of a turbulent coolant gas.

12
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The necessary assumptions are:

1. The coolant injection is a low percentage of the main-
stream flow rate and has little effect on the expansion
process of the mainstream,

2. The injected film is turbulent and a laminar sublayer is
immediately established.

3. The laminar sublayer thickness and the eddy diffusivities
of momentum and heat may be calculated from the two region
universal turbulent velocity profile equations.

4, The ratio of the eddy diffusivities of momentum and heat
is a constant. As a preliminary assumption this comstant
is taken to be ome.

5. The wall shear stress may initially be calculated using
the Blasius turbulent - smooth pipe ~ flow formula.

Based on the above assumptions the coolant and mainetream
gases near the wall may be divided into finite layers parallel to the
wall and finite increments axiglly along the surface. The velocity
and temperature profiles are them calculated in a stepwise fashion
through the nozzle. The coordinate system ies thus one which moves
with the fluid,

As was stated sbova, the analysis depsnds upon the solution
of the continuity, momentum, and enargy equations. The coatinuity
equation is satisfied by assigning a fixed samount of fluid to each
layer except for the laminar sublsyer and the neighboring turbulent

layex., Tha exchauge batween these lgyers is calculated at each

13
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increment and thus continuity assured.

A steady state momentum balance for the coolant layer at
the coolant-mainstream interface as shown in Figure 2, 1is

*
written as

Pressure forces Inertia forces Shear forces on
in 4 direction + in 4 direction + top and bottom of| = 0 (5)
on coolant layer 1 on coclant layer 1 coolant layer 1

Using the notation shown in Figure 23, noting that primed quantities
refer to the coolant atream and subscriptas refer to layer positions,
the resulting mathematical momentum equation is

[ﬂdf 6f (p1 - Pzzl +| wi (V‘xl- 17'21-)
8

c
ndi & (vi; +v2, = vz = vy)
+
&) + 4%
p1er  pief
#d] A (v’l2 +v2, -v1, - v'zl)
+ =0 (6)
61 , 63
piei  p3e}

*The differential equation and development {s shown in Appendix G.

14
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. \

J

Solving Eg. (6) for the cooclant velocity at the outlet of the first.

layer, v’2  gives

1

wi v‘11 + A(vl1 + vz, - v‘ll) + B(v’12 + v‘zz - v'11) + P
8
V‘Zl = = (7
“Tya+s
g

ndia
where A - (8)
6y, 61
pP1€1  P1E}
rdia
B == . (9
87  + 8%
pie]l  p3ed
P = r(d]) (§1)(p2 ~ P2} (10)

15
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Nozzle Center Line

— — — — —

A
151 Pp
vlm——l -_).v2m
d’l Mainstream
2
r vi—o _.._.,vzl 1
L al T2 2
1 ], &
-_———— — _ _Interface _ _ __ __
v'l, ——n _......v"?.l L
T v &
™ 11—1 —1r'2 ¢
|
Coolatjé Film
|
I
. | ]
a§ AT g
- l -
v lu >V "n
7’ l | 'T 2

T 77T 7T T T T 7777

Fig. 2 Yelocity ond Temperature Notation for Gas Film by Layars and Increments

16



AEDC-TR-66-88

A set of such equations ia written for the fluid layers in the
coolant from the coolant-mainatream interface to .the nozzle wall.
Another set 13 written for the mainstream fluild layers from the
coolant-mainstream interface to a peint in the mainstream where
there 18 negligible variation in exit velocity between layers. The
wall boundary condition requires zero velocity at the wall. The
mainstream boundary condition may be handled either by using enough
layers of fluid so they contain several times the mass flow rate of
the coolant or by specifying a smaller number of layers and adding
layers if the chosen number does not cover the velocity boundary
layer. The outer mainstream fluid layer is then fixed at the main-
stream velocity calculated from frozen flow conditions established
by an isentropic expansion with a constant ratio of specific heats.
The Gausg-Siedel method of successive substitution is used to solve
the equations iteratively.

In order to make the above calculations, the diffusivity of
momentum must be evaluated at each layer. In the laminar sublayer,
0<§+<10, the molecular diffusivity of mnmnnéﬁm is used. In the
turbulent core assumption 3 is used and the eddy diffusivities
calculated from the universal velocity profile equation for this

region, which 1s:

*
S o251 wss (11)
R .

Differentiating Eq. (11) with respect to y gives:

R .
du 'l
ay 2.5 3 (12)

17
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Now for the turbulent core

thus

Assuming

1o

or

In the notation of Figure 2, page 16, Eq. (17) becomes

or

18

8c . du_ (u*?z

Bobg”
€= 0.4 u (ri -r)

rl * —g—
e = 0.4 u (ri - 2

w04
Ei = 0,4 u (ri -

7
49

2 )

(13)

(14)

(15)

(16)

(17)

(18)
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In order to evaluate the diffusivities using either Eq. (18)

*
or Eq. (19), u and thus T ls required at each increment. Assumption 35

is used to evaluate Ty for the initial increment, i.e.

1= ,053 (Re)”

w

(20)

Following the initial increment, T, Bay be evaluated at each suc~

cessive increment either from Eq. (20) or from the wall velocity

gradient at the exit of the previous increment.

Energy balance equations are written for the same £fluid

layers in order to calculate temperatures at the exit of the

increments ~ (Refer to Figure 2 for notation). The steady state

energy equation for the coolant layer at the coolant-mainstream inter-

face is wrictten as

Enthalpy change
in A direction of
coolant layer 1

Energy transfer from
+| gas layer 1 to coolant
layer 1 by diffusion

Work at bcoundaries
+| on coolant layer 1.
Shear stress effects

=0

Kinetic energy change
in A direction of
coolant layer 1

-

Energy transfer from
coolant layer 2 to

—

(21)

19
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The mathematical statement of Eq. (21} is

PRV ¢ / -_.‘ Jz 12
wiei (T l1 - T 21) + zlﬁv 1, =v 21)
chJ

/ /
. ‘n’dlﬁ(TlL +12) - T - 7°2,)
3 8T
1 + rd ‘l‘
pie1e1w  picieiy
md{a (1’1, + 772, - 'l - 1'2)
+
§1 63
- -, -, + - - -,
pieiely p2c2E2Y
2
rd{a8ipfei(vly + v2) ~ v, - v‘zz)
+

) =0 (22)
ch(ZS{ + 83 + &)

Solving Eq. (22) for T'2l, the exit temperature of ths first coolant

layar gives:

'I"El" '.'L"ll_(w‘c‘ - &= B) + A(TL, + TZL) + B(2'1, + T’ag)' +E+ F (23)
w'e” = A+ B
whare
rdyA
A= 5 . o (24)
p1e1ELY piefeiy

20
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B = 5 53 (25)

i
- -~ > + , »
piecield pscresy

2 2
wi(v‘11 - vy )
- h
E ZJBc (26)

2
mdiASjpiei (vl + vz, - v’la - v‘zz)

} R Z (27)
Jg, (287 + 65 + &1)

Since the energy equations contain the eatrance and exitc
velocities, the velocity solutiom is performed first using layer
pfOperties based on the exit temperatures from the preceding incre-
ment. The velocity equations are dependent on:temperatire only
through the variation of the fluid properties with temperatures.
If desired the fluid properties could be re-evaluated after com-
pletion of the temperature iterationm.

When the velocity iteration is completed the temperature
iteration is performed in like manmer by succegsive substitution.

The analysis described above has been programmed in.
Portran IV language for execution on a digital computer. The

program is included in Appendix C.

Included in the program are provisione for-wall shear stress
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calculation either from the Blasius Equation or from the past
increment, multiple injection calculations, and provision for
approaching a transpiration calculation by injecting a very small
amount of coolant at each increment. New coolant layers are added
for the multiple inject{on calculation, The fluid i3 added at

a specified increment, or increments and the wall side coolant
layer is recalculated and layers added as needed, Provisiom is
made for backside cooling in the case of single and multiple
injection, while an adiabatic wall may be specified for any type

injection,
ll. EXPERIMENTAL INYESTIGATION

Design Requirements., An examination of some published
data for film cooled nozzles (6), (19), (24), (25), indicated that
in most cases efither insufficient data are available to make a
detailed comparison with the present analysis or the fluid
gtagnation conditions are not in the range of present interests.
Therefore an instrumented nozzle was designed and fabricated for
this investigation., The general geometrical requirements for this
nozzle were that it have an entrance diameter of 1.5 inches, a
throat diameter of 0.5 i{inches, and an expansion angle of 15°, Ad-
ditional requirements were that it be mechanically designed to handle
air as the expanding fluid with stagnation pressure up to + 50 atmos-
pheres and stagnation temperatures up to ~ 1v,000 °R, In order to make
the required correlation with the analytical study, instrumentation for

the nozzle was required to produce data necessary for calculation of
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the local nozzle wall inside temparature and heat loads as distributed

axially through the nozzle.

Nozzle Design, Details of the materials study, stress
analysis and backsi{de cooling problems have been previously published
(27). It was found that the combination of high thermal stresses
and hoop stresses in the nozzle could best be handled in the range of
interest by using a thin walled nozzle liner turned from copper=
zirconium alloy. In higher pressure and heat load regions of the
nozzle the wall thickness was 0.040 inches. Downstream from the throat
the liner gradually thickened to approximately 0.15 fnches near the exit.
The liner was surrounded by a steel split sleeve turned to provide a
backside coolant flow channel of constant flow area around the liner,
The liner and sleeve were surrounded by a steel cylindrical outer casing.
The outer casing was provided with pasgages for thermocouple lead access
to the nozzle liner through the split sleeve,

Twenty=-four duplex copper-constantan thermocouples were led
in on each side of the liner, passing through a narrow slot milled in
the split sleeve, throdgh small holes drilled in a positioning rib, and
attached to the nozzle liner with 600 °F, softening temperature solder,
The thermocouples started 0,875 inches upstream from the point of smallaest
radius {n the nozzle and were spaced 0.125 {nches apart on the liner
surface. O-ring seals were provided on either side of the thermocouple
passage.,

A full=scale sectional view of the liner, sleeve, and casing

showing the thermocouple installation, is given in Figure 3,

23



AEDC-TR-66-88

Thermocouples

A

Outer
Casing — &

Liner — >

N
N
Instrument L '
Rib —
1.6'
Split l —
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Injector Plate

PR i el o

Film Air Supply

i i)

Coolant In Coolant Out

4.0"

!

Y

Fig. 3 Nozzle Assembly
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Film Injector Design, An {njector plate was designed to

match the nozzle liner and casing, It consisted of a single piece
turnad from copper-zirconium and drilled to provide 1B coolant flow
passages evenly spaced about the circumference, These coolant passages
diacharged into a small plenum chamber just before the film entrance
annulus, Provision was made for varying the film injection slot

width by placing spacer shims between the injector plate and the

nozzle casing., Figure 4 shows a sectional view of the injector plata,

Stilling Chamber Design. Experience with the previous
instrumented nozzle (27) showed that the nozzle wall heat load
was somewhat lower than that anticipated, There was also a
evirl component of velocity of the mainstream gas. A possible
reason for the low heat flux in tha firat experiments was a
"natural” film cooling effect caused by the peaking of the
temperature at the centerline of the arc heater tube, This, together
with the centrifugal effect of the swirl flow, would tend ;o
produce lower temperatures near the wall and thus lower heat fluxes.,
In order to remove the mainstream swirl and provide a more uniform
temperature profile at the nozzle entrance, a stilling chamber was
. designed, fabricated, and installed between the arc air heater and the
film injector atation, This chamber consisted of a brass liner
0.125 i{nches thick and a steel outer casing. It was cylindrical in
shape with an inside dizmeter of .5 inches and an insfde length of
~8 inches, The liner consisted of a cylindrical sleeve and two

curved end pileces, Cooling water passages were provided between
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the casing and the liner and a pressure tap was provided at the downstream

end, Figure 5 shows a half-scale sectional view of the atilling chamber.

Arc Alr Heater. The air for expansion through the nozzle

was heated by passag; through an electric esrc hester supplied by the
Iinde Company, Indimnapolis, Indiana. The heater has a capaclty of
1.3 pounds per second of air flow at pressures up to ~1400 psia with
a 3/8 inch diameter constrictor nezzle. Energy can be supplied to the
air up to a2 maximum rate of ~4 megawatts. The air heater, stilling

chamber, injection plate, and nozzle are shown assembled in Figure 6.

Instrumentation, The expefiment was set up to be operated
remotely due to the high pressures and temperatures involved. Instrumeantation
for the operation of the air supply and air heater was designed by the
staff at Arnold Engineering Development Center and will not be further
discussed {n the present raport. Instrumentation for the stilling
chamber, injection station and nozzle consisted of temperature and
flow measuring equipment for water and air as supplied to the
particular pieces of equipment,

Water flow rate to the stilling chamber was measured by a
calibrated flow rate meter. The inlet to exit temperature difference
of the stilling chamber cooling water was measured by thermistors. The
pressure at the stilling chamber exit was measured by a pressure
tranaducer,

Air mass flow rate to the coolant injector was established by

choked flow through & venturi. The inlet temperature was measured by

27



82

Coolant Out

e nt
ocolant I] Coolant In

Liner l

-~
N
/’;
s
77
/

2 Z,
st -
Z /4’ 7
/ @ 7 ”,
Flow 5 l3" 1‘
G e B e et - Ve v i TR e o gt

/ 8.0" =
7~

\
Z r A
g \ a:’;/
”/" Bra v NN ) \ ‘._._ - /
ZEMEA\ \\ DN T
1 Pressure Tap l
Coolant Qut Coolant Out

Fig. 5 Stilling Chamber Assembly

8B-99-¥1-203VY



6¢

Fig. § Photograph of Experimental Assembly

£8-99-4.1-0Q3v



AEDC-TR-66-88

a thermocouple.

Water flow rate to the nozzle backside coolant channel was
measured by a calibrated flow rate meter. The inlet-to-exit temperature
difference was measured by thermistors. The nozzle wall thermocouple
leads were attached to an automatic scanning Austin system.

Experimental Procedure. The experimental nozzle was fabri-
cated and assembled at The University of Tennessee, Knoxville, Tennessee,
under the supervision of the investigator. It was then taken to the
Arnold Engineering Development Center, Tullahomas, Tennessee, where the
actual operation of the experiments was performed by a group now called
the experimenter.

The investigator ;pecified gas fiim cooling ratios of approxi-
mately 20X, 10X, and 51 with mass flow rates ranging from'0.4 1bm./sec.
to 0.6 lbm./sec. and three enthalpy values ranging up to the maximum
value available from the heater at the given flow rate. In addition
to the cases at the above film cooling ratios the nozzle was operated
for the first run with a gas film cooling ratio of 27.4%.

The gas film-injection slot was adjusted for each film cooling
ratio. In the range of pressures and temparatures of the test cases the
mainstream inlet velocity was from 100 to 250 ft./see. To minimize mix-
ing of the film with the mainstream gas at injection the slot was ad-
justed to give film inlet velocities of approximately 150 ft./aec.* For

air injected at approximately room temperature this required a slot width

*Ihis film velocity approximately matches the mainstream velocity at the

location of injection..

30



AEDC-TR-66-88

of 0,002 inches for each 5X of coolant. Spacierg shims 0.004 {nches in thick-
ness were provided by the investigator and one shim was inserted for each 5%

coolant ratio. Due to the 30° convergent angle of the nozzle each shim

increased the slot width 0,002 inches,

When a test case was run an ambient scan of all the thermo=-
couples was first recorded. The heater was then fired and the thermo-
couples were scanned gpproximately 20 times during the run. Since
steady state for this system was reached very quickly the thermocouple
readings during the data taking period were constant to within approxi-
mately 5 °F, except for a few runs when the heater was slightly un=-
stable over a few scanning periods,

The stagnation enthalpy of the gas was calculated by the
experimenter using an energy balance for the system including the air
heater and the stilling chamber, This balance included the input
electrical energy to the heater, the energy removed {n cooling the heater
and the stilling chamber, and the change of energy of the mainstream gas,

The raw instrument readings recorded on tape were reduced to
pressure, temperature, and flow rate values by the experimenter using

standard programs and then furmished to the present invastigator,
Y. DISCUSSION OF RESULTS

The described analysis was programmed in Fortran IV language
for execution on a digital computer. The program is inecluded in Appendix
C. Experimenta with the gas film cooled, instrumented nozzle ééée‘run
at film cooling ratios of approximately 30%, 20Z, 10X, and 5% of the
mainstream flow rate, Table I summarizes the experimental conditions

for all the cases rum,
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Experimental Rasults. From the twenty-eight cases run five
were selected for analytical correlation. They were chosen to include
cases from each of the film cooling ratios given above, and in additiomn
two pairs were chosen because their stagnation conditions were close
to the sams whila they had different film cooling ratios. From Table I
the cases chosen ware Hl=1l, H2-2, H6-2, H5-2, and H9=2, Cases Hl-l
and H5=2, while differing some in stagnation pressure and temperature

Tepresent approximatsly the same severity of heat loading on the nozzle.
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TABLE | . 6lhﬂahﬂ&
SUMMARY OF ORIGINAL DATA FOR GAS FILM COOLING EXPERIMENTS ’

AEDC* Mainstream Mainstream Mainstream Film Coolant Film Coolant Backside Backeside Backside

Case Stagnation Stagnation Mass Flow Mass Flow Inlet Coolant Coolant Coolant
Number  Pressure Temgetn:ure Rate Rate Temgerature Flow Inlet gT
(psia ('K.) (1bm. /sec,) (lbm./sec.) (F.) Rate Temp. (F.)

(gpm.}  (°F.)

Hl-1 349 3840 0.3%4 0.108 69.0 41,5 65.0 2,57
H2-1 341 3160 0.412 0.080 49,5 32.0 70.0 4.64
H2-2 373 3660 0.419 0.082 52,5 32,0 66.0 7.34
H2-3 373 3910 0.419 0.092 55.0 32,0 70.5 8.37
H3~-1 409 3290 0.496 0.094 - 65.5 30.6 71.5 5,31
H3-2 434 3660 0,504 0.096 65.5 30,7 n.5 8,81
R3=3 447 3800 0,498 0.095 65.5 30.7 71.5 16.13
H4-1 473 3180 0.606 0.110 69.0 34.1 72.0 4.41
H4-2 492 3320 0.605 0.108 69.0 5.7 72.0 6.74
H4-3 511 3620 0.605 0.108 69.0 34.2 72.0 8.68
H5~1 299 3180 0.401 0.039 35.0 30,1 73.0 5.75
H5-2 312 3450 0.409 0.039 57.5 0.1 73.0 8.18
H5-3 324 3930 0.401 0.039 60.0 38.4 73.0 7.29
H6-1 381 3120 0.517 0.049 60.0 49.2 73.0 4.73
H6=-2 407 3460 0.525 0.049 63.0 49.2 73.0 6.14
H6-3 413 3760 0.525 0.049 67.0 49.4 73.0 1.03
H7~-1 432 2920 0.603 0.059 52,0 55.17 71.0 3.45
H7-2 470 3280 0.603 0.059 52,0 56,3 71.0 5.50
H7-3 490 3600 0.603 0.059 52.0 55.8 71.0 6.40
H8-1 284 3110 0.401 0.020 61.0 51.6 78,0 3.39
Ha-2 301 3440 0.401 0.020 61.0 531.6 78.0 4.56
H8-3 313 3720 0.403 0.020 61.0 52.0 78.0 5.22

*Arnold Engineering Development Center
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TABLE | (Concluded)

AEDC* Mainstream Mainstream Mainatream Film Coolant Pilm Coolant Backside Backside Backside

Case Stagnation Stagnation Mass Flow Mass Flow Inlet Coolant Coolant Coclart
Numher Pressure Temgerature Rate Rate Temgerature Flow Inlet QT
(paia.) (K.) (1bm./sec.) (lbm./sec.) CF.) Rate Temp, (F.)
: (gam.) (°r.)
H9-1 an 3130 0.526 0.023 61,0 51.7 74.0 4,43
H9-2 402 3450 0.538 0.023 61.0 51.9 74.0 6.26
H9-3 421 3710 0.545 0,024 61.0 52.0 18,0 6.81
H10=1 425 2960 0.580 0.028 55.0 51.4 78.0 5.74
H10=2 437 3330 0.581 0.028 55.0 51.6 78.0 5.74
H10-3 459 3650 0.581 0.028 55,0 51.6 78.0 6.78

*Arnold Englincering Development Center
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They provide a good comparison of film cooling effectiveness since
case Hl~l was run with 27,4 X £film cooling while case HS5-2 was rum
with only 9,73 X £f{im cooling., Cases H6=2 and HI-2 have almost
identical stagnation conditions, while being cooled with 9,36 X

and 4,27 T film cooling respectively. The original wall temperature
data for the five cases corrslated are given in Tables II, III, IV,
V, and VI,

Values for the backside cooling heat transfer coefficient
and local values of the heat flux were calculated at the various
thermocouple positicns using the measured wall temperatures, the local
dimensions of the coolant flow annulus, the coolant mass flow rate, and
the physical properties of the coolant evaluated at the local film
temperature, The Dittus-Boelter equation was used for calculation
of tha backside heat transfer coefficients,

Theoretical calculations of the backaide surface temperature
and wall heat flux distributions were made for the five cases unamed
above., These are plotted, along with the measured temperatures and
- with heat flux curves calculated by smoothing the experimental

temperature digtributions,. in Figures 7 through 16.

Comparison of Thacreticel and Experimsntal Results., Attempts
ware made to perform the theoratical calculations described abowve
using the eddy diffustvities bgsed on wall shear stress calculated from
both the Blasius wquation and from tha past increment value of the
wall shear stress. In several casas both calculations were performed

succenssfully, however in other cases the calculation using the wall
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ORIGINAL TEMPERATURE DATA FOR GAS FILM CASE H1-1

Thermocouple Averaged Thermocouple Averaged
Number Temgetature Number Temgerature
("F.) (F))
1 88.00 13 193.33
2 122,60 14 159,59
3 et 15 149,02
4 126,76 16 171,49
5 122,45 17 161,07
6 128,97 18 e
7 206 .41 19 135.75
8 196,88 20 113.46
9 263.24 21 94,55
10 265,37 22 96,11
11 —— 23 129,68
12 222,02 24 ——

* A dash indicates a thermocouple which was not reading.
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TABLE 1N
ORIGINAL TEMPERATURE DATA FOR GAS FILM CASE H2-2

Thermocouple Averaged Thermocouple Averaged
Numhey Temgerature- Number Temgerature
C'F.) F.)
1 147,63 13 301.16
2 197.99, 14 229,16
3 — 15 197,80
4 207.48 16 152,25
5 196.11 17 220,70
6 203.00 18 I
7 382,93 19 175,19
8 341,27 20 117.73
9 424,68 21 104,17
10 406,02 22 105,47
11 —— 23 126,51
12 344,21 24 ——

* A dash indicates a thermocouple which was not reading
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TABLE |V
ORIGINAL TEMPERATURE DATA FOR GAS FILM CASE Hé-2

Thermocouple Averaged Thermocouple Averaged
Number 'rcmgeratures Number Temperatures
( Fo)
i 136.67 13 301.60
2 190.64, 14 128.71
3 ——— 15 236,09
4 202,42 16 114.16
5 189.19 17 117.05
6 196,72 18 ——
7 350,63 1% 98.07
8 328.76 20 98.71
9 424,00 21 94,22
10 385.58 22 91,16
11 276.36 23 90,70
12 306,11 24 ———

* A dash indicates a thermocouple which was not reading,
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TABLE Vv
ORIGINAL TEMPERATURE DATA FOR GAS FILM CASE H5-2

Thermocouple Averaged Thermocouple Averaged
Numbey Temgerature Number Temgerature
(F.) (F.)
. A

1 ——— 13 269.84

2 152.15 14 136.44

3 101.18 15 289.31

4 166.60 16 113.87

5 157.74 17 136,55

6 163.68 18 ———

7 260,71 19 96.68

8 240,69 20 104,22

9 323,00 21 97.40
10 316,40 22 99.07
11 242,53 23 96.05
12 274,65 24 T——

* A dash i{ndicates a thermococuple which was not reading.,
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TABLE VI
ORIGINAL TEMPERATURE DATA FOR GAS FILM CASE H9-2

Thezmocouple Averaged Thermocouple Avaraged
Number Temgarature Number Temgerature
("F.) CF.)
*
1 —— 13 238,65
2 201,50 14 91.89
3 — 15 116.64
4 209,25 16 93,32
3 202,23 17 v—t—e
6 212,55 18 100,51
7 359,61 19 97.30
8 301.13 20 108.55
9 430,54 21 104.45
10 291.20 22 108,93
11 169.00 23 115,15
12 163,20 24 ——

% A dash indicates a thermocouple which was not reading.
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shear stress from the past increment became unstable and either tha
iterative procedures for the velocity profile or the temperature profile
wvould not converge. Reduction of the incremental distance achieved
convergence for soms of th? cases which were init{ally unstable, however
in cases with very low ratios of film coolant even the reduction teo
incrament lengths of the order of 1/10,000 of tha nozzle length did not
bring about stability of the solutions. Calculations using the eddy
diffusivity based on wall shear stress calculated at each increment from
the Blasius equation, on the other hand, remained stable for reasonable
incremental lengths for all cases. These results aye the ones chesen
for caomparison with the experimental results., Mainstream and coolant
fluid properties as functions of temperature were evaluated frow the
data presented graphically {n Appendix E,

The analyti{cal program written gives as output the local wall
heat flux sand the streamside nozzle surface temperature, The calcu~
lated heat flux was used with the wall thickness and thermal con-l
ductivity to calculate Backside wall temperaturas for correlation with
the rieasured backgide temperatures.

In addition to the data taken by the present investigator some
recent data were available taken by Lieu (25) for air film cooling of
a supersonic nozzla. It was decided to make correlations of the Lieu
data for a case with stagnation pressure 315 psia. and stagnation

temperature 1032 °R. The analytical and experimental results for
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three different coolant injection rates are presented in Figures
17, 18, and 19.

As a check on the changes which would occcur in the theoreti=
cally predicted wall temperatures and heat fluxes, if it were assumed
that the gas film coolant were totally mixed with the free stream gas
in a very short distance from the injection point, two additional
theoretical calculations were made. Total mixing was assumed for
Case Hl-1, which had 27.4 % gas film coolant, and theoretical calcu~-
lations were made for wall temperatures and heat fluxes., Case H2-2,
which had 9.73 % gas film coolant, was also recalculated assuming total
mixing at the injection point. These theoretically calculated curves
are shown, along with the curves calculated for no film cooling and
for full film cooling, in Figures 7, 8, 13, and l4.

Without discussing eaéh of the Figures 7 through 16 in detail
several general observations may be made. First, the theoretically
predicted temperatures for no film cooling fall well above the
measured temperatures for the larger ratios of gas film coolant, but
as the amount of film coolant is decreased the theoretical curve
approaches the measured temperatures until the correlation 1s very
good for Case H9-2, with approximately 5 % film coolant. This
indicates that the predicted temperatures for no film cooling using
the present analysis should be reasonably accurate. As a further
check on the theoretical model, with no film cooling, comparison was
made to data published by the-Jet:Propulsion Laboratory {(42) and the
results are shown in Figure 20. This figure further demonstrates
the validity of the theoretical model to predict temperature or heat

flux profiles, at least through the throat. With the accuracy of
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the no film cooling calculations established, examination of the above
named figures indicates that the gas film coolant does measurably

lower the wall temperatures and heat fluxes, particularly in the con-
verging section of the nozzle, Third, from Figures 7, 8, 13, and 14,
which contain curves calculated assuming complete mixing of the coolant
with the mainstream at injection, it may be seen that such predicted
values fall well above the measured values of wall temperature and heat
floux.

The effectiveness of the gas film for protecting the nozzle wall
is further shown in Figure 21, wﬁich shows photographs of the converging
section of the nozzle and the inside surface of the intection ring.
These photographs were made without cleaning up the surfaces following
the conclusion of the experimental program. The conical converging
section of the nozzle is still relatively smooth and clean. There is a
noticeable change very close to the throat, where the nozzle 1s somewhat
roughened and discoliored. The inside of the injection ring is badly
eroded. In a previvus nozzle operated without gas film cooling (27),
the entire convergent portion was eroded during the experiments.

Figures 22 and 23 show a direct comparison of the wall heat
flux for the two pairs of cases with very similar stagnation conditioms.
In Figure 22 the larger heat flux for the case with approximately 10 Z
cooling as compared with the case for approximately 30 % coq}ing is
evident. In Figure 23, for cases Qith appréximately 5 Z and iO Z
cooling there {s very little difference, but an examination of the
tabulated experimental temperatures for the two cases shows that the

temperatures near the nozzle entrance for the 5 ¥ coocling case were
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Fig. 21 Photograph of Nozzle Liner and Injection Ring after
Termination of Experimentation
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slightly higher. Comparison of the backside coolant flow rates for
the two cases from Table I, pages 33 and 34, shows that the 3 Z case
was more strongly cooled. Taken together this is an indication

that the gas film cocolant was effective in the converging section.

Study of the measured temperatures in Figures 7 through 16
shows a quick rise in temperature near the nozzle entrance, then
a rather steady temperature until it rises rapidly toward the throat.
The present investigator believes this is due to a certain amount
of gross mixing at or near the injection point. This "mixed £1ilm"
then forms the actual film coolant.

The temperature curves also reveal that as the nozzle was
operated for longer periods of time the differential thermzl expansion
between the liner and the instrument rib caused the far downstream
thermocouples to loosen from the wall and read low. This was caused
by the freeing of the downstream end of the liner for expansion.
Notice in this connection thermocouples 14 through 24 in Figures 11,
13, and 15. This also explains the poor correlation between the
curves in Figure 22 for the section downstream from the throat.

Comparison of the calculated temperatures with the measured
values in the case of the Lieu nozzle, Figures 17, 18, and 19 on
pages 52, 53, and 54, respectively, show reasonably good correlation
for the 4.35 % injection ratio but poorer correlation for the
higher injecticn rates. The present investigator noted scme apparent
discrepancy between Lieu's data and the present data, however. For
Lieu's nozzle the maximum temperature showed a definite shift upstream

as the film cooling was increased. Both the analytical prediction and
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the experimental data in the present investigation show maximum
temperatures immediately downstream from the throat with very little

shift in position as the injection ratio varies from 5% to ~30%.
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CHAPTER Il
LIQUID FILM COOLING

I. THEORETICAL ANALYSIS

As was stated in Chapter 1, Bartz's equation for the heat
transfer coefficient in a nozzle without coolant injection is given

in 1its f£inal form as
C U oc g\ [Py \[Ag
h e .2( _E (Poc —)— a (28)
D, % 2 \u1l= r [\A i

(29)

in which

The main point of interest for the present investigation is that Bartz
based his derivation on the Dittus-Boelter form of correlation for
fully developed turbulent pipe flow, i.e.
¥u = C (Re)™ (Pr)" (30)
Emmons (13) developed a one dimensional analysis for cooling
with an evaporating liquid film in fully developed turbulent pipe flow.

It was based on the assumptions previously listed in Chapter I. He
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started with the followins basic equatiomns for a turbulent in-

compressible houndiry layer:

Continuity
u , 3v
et > " 0 (3D
Momantum
Tdu, gau 2 3u
“a:"'"a?'ay [(u-i-c“) ayl (32)
Energy
=3T ,—23T _23 T
u-a-x--!-v-;;--a;- [(a-l-sn)—y-] > (33)
Diffusion
_w W, A
ufa;-‘i-v-a-y—--é; (6a+zD).? (34)

The barred parameters in these esquations represent time averaged
qmtities, for exampla:

u= 73 u(t) de €35)

A

T-see
The bars are now dropped, with the understanding that these para-~
meters ars time averaged,

Emmons simplified Eqs, (31), (32), and (33) by assuming that
terms including gradients in the x~direction are negligible compared
vith terms involving gradients in the m-dizrection., From the contiauity
squation this gave v = constant, Emmons evaluated this constant by
assuming that the gas on tha gurface of the liquid was pure coolant
vapor, thus

2
ves (36)
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The momentum and nkrgy edquations vere then

Momentum
d du
'&'?.E"* “ ?1';] 7
Ecergy
%% - _[<,+ ep) :;] (38)

At this point Emmons introduced the expression for the wddy
diffusivity of momentum as developed by Rannie (29) and modif{ed by

Turcotte for the cass of wall injaction (40).

+
2, b
G =V linh((13. 9) (39)

Substituting from Bq., (39) into Eq. (37) and integrating sssuming

zaro valocity at y = 0 gave

Ty by/x_/p
umw= —"— ‘xp(m tanh 3. :guw) 1 (40)
Py bvﬁ'w?p
Prom Turcotte's analysis (40)
13.89
w ni fTJ
by T/ P
80
-£Q _
:EL:— 89 s ‘a;' (42)
U= 8, q m(BQeZtnnhTuT)-l
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wvhere
- 1_3-.;8'2, (43)
byu
and
*
Y 44
u Tnt /%% (44)

Exmons then used an extended Reynolds analogy, with Pr = 1

and EH - EM to get the temperature distribution as

T-T i 8 2
- Yr_.e
) ni e 2
Tg-ra pwqu exp{BQe 2 tanhzi;c-)-l (45)

o

Use of thisg temperature distribution gave the following equation for

the Stanton Number

a
St -% £, =2 o84 (46)
g

Emmons then noted that for the case u - us and @ = 0 this reduces to

the result obtained by the simple Reynolds analogy. He then proceeded

to use the heat transfer coefficient obtained from Eq. (45), specifically
knrni -8Q

uu
g

without further modification.
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It wis noted by the present investigator that the exponential
tera in Eqs, (46) and (47) could be looked :;pou as a simple correction
tera applied to the non-injection heat transfer coeffieient to take
iato a.ccourit the fluid injection, either by evaporiktion or by trans-
piration at the surface.

There are bettet corrslating equations available for ptédicttng
the convective heat transfer coefficient without injection than that
which co;::na from the simple Reynolds analogy., One of thess is the
Dittus=-Boelter squation for fully developed turbulent pipe flow, the
form of which was used by Bartz in his analysis (2). I€ was thus
decidad to program a stepwise finite difference analysis for digital
computer solution using the Dittus-Boalter correlation &t each step
but substituting the coefficient "C" as detarmined by Bartz, The
convactive heat transfer coefficient thus determined would then be
mod.i.ﬂcd'ultng Emmons' "exponential correctich” factor. The program
also provides for the direct use of experimentally determined hest
transfar rates without injection and modifying these using Emmons’
"exponential correction" factor.

Ermons’ analysis assumed that the surface of the coolaat, film
was at saturation temperature {mmediately upon injection. If the
coolant has n.hi‘gh heat capacity and high saturatiom temperature this
is not a good assumption, ov.en for vary high heat transfer rates, It
was thus decided to forego this assumption and calculate the temperatura
profile of the liquid film starting at the injection point and taking

into account the evaporation of the f1lm while it {s increasing in
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temperature up to the saturation temperature.

In order to calculate the developing temperature profile {t {s
nacessary to assume, or calculate, the velocity profile, Since the
ratio of the diffusivity of wmomentum to the diffusivity of heat, {.e.,
Pr is > 3 at room temperature for water, the main coolant liquid under
consideration, it was decided to assume {natantaneous development of
the velocity profile upon injection. A condition of constant shear
stress across the liquid film was also assumed. This latter assumptiom
appears to be reasonable for such a thin film as that used for film
cooling.

Consider a fluid layer as shown in Pigure 24, with mass flow rate

w. How for conmstant properties and constant shear stress across this

layer
den
bl = Yn + ' (48)
and
W e 2'1n:n;acln (un+12+ un) (49)

Combining Eqa. (48) and (49) and rearranging
pT
W, , 2 W
Gaody + eud e =0 (50)

and

-0y + {(pun)z + prww/wrnu
4 = i (51
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The positive value on the radical is used since dn must be positive,
Starting with a known valuye of v and estimating initial values of
Py U, andrw Eq, (51) may be solved for dn’ then u

o+l
Bq. (19). As better average values of temperatures becoms known from

calculated from

the fterative solution of the heat balsnce equations p and u are
corrected and the velocity profile recalculated. It is not necesaary
to re-evaluate the velocity profile for each temperature iteration

as it produces only very slight effects., However, when the con=-
vergence criteriom for the temperature i{teration 1s satisfied, the
vealocity profile should be corrected and converéence checked again,
This essures the use of values of p and u which are temperature
corrected,

The equations necessary for the temperature profile calculation
are derived by taking a heat balance on the ath layer. The heat
balance for steady state requires that:

Net Heat Rate Convected In + Net Heat Rate Conducted In = O (52)
Referring to Figure 24, page 69.

Net Heat Rate Convected In = "ﬁ?n(Tln - rzn) (53)

Tl + T2 Tl + T2
¢ n+l > n+1) - ¢ n 5 EE
Net Haat Rate Conducted In = 2nra e ——

ndl n
% . T 3k

o+l an

T1

el + T2 TL + T2

2 n-l) - (
+ - (54)
s S

an-l
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Let
- ('!.‘lﬂ_'.1 + 'rzm_l)
Tar1 * 2 (55)
and similarly for T and T ,.
n o-1
Also let
2rr
m+l
Kn+1 * = ] (58)
(_n-'*—l— &+ ._n_)
2kn+1 an
and similarly for Kn and Kn-l?

Now substituting from Bqs. (53), (54), (55), and (56) into (52)

L ('r1 - T2 ) + AK 1( ‘rn) + AKn_l('rn_l-'rn)-O (57)

Resubstituting from Eq. (55) for ‘-fn and solving for rzn

2 ng Yn -(K nﬁl_.._)_] * AR e Kn-l.‘rncl) (58)
o

vncn * ?(xn-l'l. +an1)
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Now Eq, (58) applies for the interior layers of the film but
other equations must be developed for the heat balance on the s*ream-

side and wall-aide layers, For the stream-side layer

- T -T -T)- (59)
vscg(ns '1'20) + “a-l(rs-l Ts) + 2wr_Ah(T rs) Z:rthfs-O

and

A -
. stcs - éxs_l+21rsh)]+ (Ry 1Ty +20E NI )-20x Qb &)
8

A

A
w.e, + i-(Ks_l«l-z rsh)

For the wall-gide layer

wwcw('rlw - 'rzw) + AKWI(TKH-I - T") + AKb(Tb - 'rw)-o (61)
vhare
Zmr:w
& - (62)
e D
g T H T Ry
Thus
A -
o [wwcw -2k, +E)] + ARy Ty * KTy -
w

4
Yty + E(le + &)
Iterative calculation of Q is described starting in paragraph 2, page
77. The coefficient h is determined from:the mgdified Dittus-Boslter

equation which will subsequently be discussed in detail. The co-=

efffcient hb 13 determined from the backside coolant flow conditionms.
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Since the backside coolant flow will be turbulent for practically
all cases, a regular Dittus-Boelter calculation will normally be used.
Application of Eqs, (58), (60), and (63) across the film results
in a set of nonlinear simultaneous algebraic equations. The non-
linearity comes from the dependence of ¢, d, and k on T, Since this
dependence is relatively weak, however, the equations may be solved by
the Gauss-Seidel iteration methed with periodic corrections of ¢, d, and
k for temperature change., This is done in the same manner as the
periodic correction of p and U in the velocity profile calculation,
The temperature profile is first estimated. Substitution is then made
into the explicit equations for rzw,-A--—, rzs and the amount of change
in '1'2n checked against some convergence criterion until it i{s satisfied
for all the layers. Periodiecally c, d, and k are re-evaluated, with
a final evaluation made as a check when rzn has converged,
Other methods could be used for the solution of Eqs. (58), (60),
and (63)., For example, by rearrangement they could be put into the

matrix form:

AT=8 (64)

A

By estimating E: could he calculated, Then

T=A "-B

A could then be recalculated using the new values for‘? and the method
, repeated until E'converges. The Gauss-Seidel iteration method was used
because the coefficlent matrix 18 sparsely populated and this method

does not require manipulation of the zero elements.
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The incremental film temperature calculation is continued

Normally after scme particular

as described sbove until rza > Taa:’

incremantal calculatien 'rzs > T In order to determine the positiom

sat’

vhere TZ’ =T an interpolation is made., It was found that {f the

sat
inftial incremental steps are small a straight line interpolation
here is sufficiently accurate without further iterative calculation
of 12'.

The evaporation rate Q must be calculated both in the region

befora rzs- T" and following this zegion., The only difference be-

€
twveen the two calculations is that in tha region before saturation
tempersture 18 reached the rate of evaporation is controlled by the
available partial pressure of the film vapor and the mass transfer
coafficient at the surface, whersas in the region following the

rate of evaporation is controlled by the excess thermal energy
deposited in the film by heat transfer from the mainstzeam.In both
casaes the heat transfer coefficient h must be corrected for the
evaporation effect and the loss of liquid film dus to evaporation must
be calculated. Examination of these affects sHows that they are
coupled ;nd thus require an iterative sclution, The evaporation rate
for a givan evaporation enthalpy and temparature difference varies

with h, On the other hand, the following equation for the heat trans~

fer coefficient shows the dependence of h on the evaporation rate:
b = ,0265 ;“- (Re)°8 (pr)°333Exp(‘13 82 ] 65)
byu

In Eq. (65) Q is the mass evaporation rate of the film coolant.
In the region before saturation temperature is reached  may be cal-

culated directly using Eq. (69), page 75, and the vapor partial pressure.
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For the region following the attainment of saturation temperature, hare-

aftar called the boiling region, there is a simple relationship between

Q and h,
T, + T2,
e p = BA(Tya, = =5 - Q, (66)
or
L, + T2, Q
h(TAdw L] 2 ) - A
Q- By (67)
Substituting from Bq. (67) into BEq. (66)
: T13+fr2$) g Qy
0265 -13.8%n(T, . - -13.89 +—
e "B irey® (2r)* 3y pde J T E | s
b~hfB "

In Emmons’ analysis it was assumed that the fluid fin the
boundary layer over the liquid surface is pure coolant vapor and that
the thermal conductivity kH in Bq. (68) should be that of the pure

coclant vapor evaluated at T.sa It has been demonstrated (12) that

¢
constant praperty solutions for skin friction, Nusselt number and
recovery factor may be usad even when large variations in physical
properties occur provided the properties are avaluated at a referemce
temperature T* which is exprassed explicitly as

™ - T, * 0.5(T, = T)) +0.22(T, - T)) (69)
It can be rsadily seen that T* is the widely used film temperaturs
(or average of Tv and TB) plus a term to account for temperature
recovery in high speed flow. This term seems to effect a good propsrty

correction even for dissociation effects. In the present solution

»
fluid propsrties are avaluated at T ,
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If the thermal coaductivity of the binary aixture differs great-
ly from that of the coolant vapor an effort should be made to evalnats
kl! for the binary mixture. If the concentzation of coolant vgpar at
the liquid film surface can be calculated the thermal conductivity for
4 gas mixture at half this concantration should ds a batter valus to
usae than that of the pure coolant :fppor. This conductivity should be
evaluated at " as indicated abova.

Examination of Eqs.(32),(33), and (34) shows that the same
analogy may be nade betwsen mass tranafer and momentum transfer as that
vhich vas made between heat transfar and momentum transfer. Exparimental
results indicate that by use of ths proper form for the diffusivity of
msss and use of the Schmitt number, Sc, in place of Pr, a coefficient

of mass transfer for turbulent £low may be calculated as
0265
* (8ey333

bu - -—— (8.9)' (70)
It is tharefors proposed that in accordance with tha above menticned
analogy Eq. (70) be modified and written in the form of Bq. (68) as
.026 .
by = —-ﬁ (ra)*8 (sc)"”f:p('—‘-’-if—’%] (1)
byu
If the total coolant injection rate is only a small percentage of the
main gas flov rate any concentration of coolant ia the main straam
may be neglected sc for this ~ase
o .
Y ® By (72)
Now . .
T =Y Y, (73)
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Substituting Eqs. (72) and (73} into Eq. (71) gives

0265&

by - Re)*8 (sc)*Playy —13:8%0

bu (9-+~¢)

(74)

The iterative procedure for determining h 1a then as follows:

1.
2,
3.

4,
3.
6,
7.
8.
2,
10.

11.

Calculate ’H and Sc at '1'*.

Calculate Q based on value of h for previous increment,

Starting with Q from step 2 iteratively calculate hH using
Bqs. (71), (72), (73), and (74),

Calculate h from Eq. {65),

Calculate Q from Eq. (67).

Calculate v, from Eq. (72),

Re-evaluate k; based on y, from step 6.

Ra~evaluate h using Bq. (68) and compare with h from step 4,

Repeat steps 3 through 7 until h converges.

Re=evaluata Q and compare with Q from step 2,

Repeat steps 3 through 10 until Q convergas.

Two additioenal problesms are encounter:d in the | vc-dure outlined

sbove. One of these is the determination of t.e thermal conductivity of

g8 binary gas mixturs at a given temperature and the other is the

determination of thes diffusivity of mass for the coolant vapor through

the mainstream gas for a known pressure and temperature,

Thermal conductivities of gas 11‘1::&:;:‘:1:39 -may be estimated from

knix --inki (75)
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vhare the *1 and ki

reapactively, of the pure gas species.

are mole fractions and thermal conductivities,

Given the diffusivity of aass for a binary gas mixture at
orie condition of pressure and temparature the diffusivity at other

prassures and temperstures msy be estimatad from ths following

equation (33)
3/2
CT 1 1
Dyn = v aalh (76)
B E‘A “n:]
thus where C is & constant;
g, L g, D
AB’T,,p, AB'T,p'T P, (77)

In the present study Eq. (77) was used to predict mass diffupiy-

1ties at the local reference temperature T* and the local static
pressure, Dependence of the diffusivity on concentration was ueglect-
ed.

Now for the diffulion‘.cff ®ass
dpA
I, = -Du—d-;' (78)
vhere IA is the mass current in lbn./ft.zhr. and dpA/dy is the
density gradient in 1bm./f:.6. In forced convection mass transfer
the diffusivity I)An plays the sama role as that played by the thermal

conductivity in conduction heat transfer. Bq (71) may thys be

revritten as
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b, - ,ozss BB 20y 8cse J.aaaEq (;1_3_:8_3_'1_!)] (79)
)}

In order to use the above equations at each axial position the
mainstreanm velocity, temperature, and density must be calculated.
Frozen flow through the nozzle is sssumed with a specific heat ratio
detarainad by the bulk msan temperature at the nozals entry. The
aquacion vhich relates the local diameter to throat diameter ratio,

specific heat ratio, and Mach number 1is

2
p? 1|2 . k2 TED
o) % I;n * ‘k+1)'€[ (80)

Now (D/Dt) and k are known and M is to be calculated. Since Bq. (30)
cannot be solved explicitly for M soma iterative procedurs must be
usad to solve far M,

To solve Eq. (80) for M the following rapidly converging
iterative procedures were devised. Designate the Mach numbers in
Eq., (80) differently by subscripts as follows:

k4l
2] 2(k~1)

(81)

2
D 1 2 K=
o) "% [m + 65D,

Now for iteration in the subsonic portion of the nozzle, i, e.,

upstream from the throat, Eq. (B8L) is solwed explicitly for Hg.
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- k4l
2 k=1.., 2| 2(k-1)
" AT
a D .2 (82)
o
t
The iteration may be started by substituting aay number from 0
to 1 into Bq. (382 for HS. The value of Ma calculated is then
substituted back in for Mb and the procedure repeated until tha
difference between Ha and Mb meets a specified criterion. For the
supersonic portion of the nozzle, i, e¢., downstream from the throat,
Eq. (81) is solved explicitly for M .
| 2(k=1) -7 L
n‘(-g—)z) o | 2
% - 0 (83
iyl

This iteration is scarted by substituting 1 or a number greatsr than
1 into Eq., (81 for M_. After M is calculated it is substituted back
ia for M. and the procedure repeated as described above.
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